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Abstract: 
 In this project the effects of aging time and temperature on aluminum 319 were 
examined. The mechanical properties of cast tensile bars were recorded for various heat 
treatments, and then compared to published standards. The results indicated that aging at 
190ºC is an alternative to present T6 heat treating, as better strength was obtained in a 
shorter time. Aging at 190ºC achieved peak strengthening in only 4 hours, whereas when 
aging at 150ºC (T6 standard) peak strength isn’t obtained until after 24 hours of aging. 
Similarly, aging at 230ºC showed an even faster peak, reaching peak strength in only 45 
minutes, though the strength after this treatment wasn’t as high as the strength after 4 
hours at 190ºC. Further experiments should be conducted in the range of 170ºC to 240ºC 
in order to best optimize the aging process of aluminum 319.
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Introduction: 
 Aluminum is a very popular material in the automotive industry, as well as the 
aerospace industry. Aluminum’s wide-spread use can be attributed to its excellent 
strength to weight ratio. While it may be weaker than steel, the weight savings are very 
significant. By decreasing the weight, improvements in efficiency and performance can 
be realized. There are also ways to strengthen aluminum. The primary means of 
strengthening is through the addition of alloying elements, namely copper, then 
precipitation hardening.  
 Aluminum 319 is a cast alloy that is composed copper, silicon, magnesium, and 
zinc as the primary alloying elements. The typical composition ranges of 319 are shown 
in Figure 1. 319 is very popular because of its fluidity that make it ideal for casting, and 
its high strength amongst cast alloys. The most frequent use of this alloy is in engine 
blocks and piston heads, though there are a variety of other applications. There are a 
range of compositions of the alloying elements that can go into 319. This experiment 
looks at a general composition of 319.  
Element Mn Si Cu Mg Fe Zn Ni Ti 
Comp. 0.5 5.5-6.5 3.0-4.0 0.1 1 1 0.35 0.25 
 
 Figure 1. Chemical composition limits of aluminum 319.[3] 
 
This project examined the effect of aging time and temperature on a 319 
composition that was very high in silicon and magnesium concentrations. The properties 
measured were yield strength, ultimate tensile strength, and ductility. They were 
measured by means of a standard tensile test. These results were then compared to 
published work, and to current T6 standards. 
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Background: 
 
Current T6 standards dictate aging at 150ºC for 5 hours. [3] Samples were aged at 
higher temperatures in this project, to see if equivalent (or better) properties can be 
obtained faster. If equivalent properties can be obtained faster, it will save furnace time, 
and increase throughput, increasing productivity and profit. 
 The aging cycle for aluminum alloys involves solutionizing the material by 
holding it at a temperature slightly below the eutectic temperature. By holding the 
material at an elevated temperature, the solubility in the metal increases allowing most of 
the alloying elements to go completely into solution, forming a homogeneous solid. The 
material is then quenched, typically in agitated water, to form a supersaturated solid 
solution.  
This structure that is acheived after quenching is unstable. The alloying elements 
are no longer soluble at room temperature, and want to form precipitates. During aging, a 
second phase will nucleate and grow in the alpha-aluminum matrix. This process of 
nucleation and growth is temperature and time dependant. The longer the sample is aged 
the more precipitates form. The higher the temperature, the faster this process will occur. 
Eventually all the atoms that can come out of solution have done so. This is the point of 
peak aging as the maximum numbers of precipitates have formed and they’re all 
relatively evenly distributed throughout the material. After this point, precipitates in close 
proximity to each other will form together to make larger precipitates. After some time, 
these precipitates are no longer evenly dispersed, and are now large conglomerates which 
significantly weaken the material. Grain growth is also a serious issue, as grain growth is 
also a function of temperature and time. The peak aging condition yields the highest 
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strength as the precipitates help prevent dislocation motion, and since they’re very well 
dispersed the strengthening is uniform across the material. In the over-aged condition 
however, the large precipitates act more like a stress concentration point. They are no 
longer evenly strengthening the material, thereby making the material significantly 
weaker [2].  
 If left at room temperature, the kinetics of diffusion will allow these precipitates 
to form, but only very slowly. This process of leaving the material at room temperature 
over extended periods of time is known as natural aging. The problem with natural aging, 
is the amount of time the material takes to optimally age, which is often several weeks [2]. 
An alternative to this is to age it at an elevated temperature, typically around 1/3
rd
 the 
melting temperature. This speeds up the reaction, yielding faster peak aging, though it has 
the unfortunate effect of reducing the maximum strength at peak aging [2]. A plot of a 
typical temperature vs. time curve for T6 aging of aluminum 319 is shown in Figure 2. 
Figure 3 depicts a typical plot of mechanical properties vs. time and temperature. 
 For the binary aluminum-copper alloy, the precipitates that form are CuAl2 [2]. 
This phase is known as the Θ phase, and forms in the shape of discs [2]. As has already 
been discussed however, aluminum 319 is far from a binary alloy. Once magnesium is 
added to the composition, the new precipitate that will want to form is CuMgAl2 [2]. This 
phase is known as the S phase, and is rod shaped. The addition of silicon and zinc to the 
alloy greatly increases the number of possible precipitates. Mg2Si, MgZn2, and 
Mg3Zn3Al2 are just some of the other inter-metallic precipitates that can form [2]. All of 
these will form throughout the material depending on the localized compositions inside 
the material. 
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Figure 2. The artificial aging cycle for aluminum 319. 
 
 
 
 
Figure 3. Typical aging curves for aluminum alloys. 
 
 Samuel et. Al [1] demonstrated typical aging response with a similar composition 
of aluminum 319 and the data is summarized in Figures 4 and 5. As they have 
demonstrated, aging at 150ºC will take over 24 hours to reach peak strength.  T6 standard 
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aging therefore never reaches a peak aging condition, and after only 5 hours is still 
relatively under-aged.  
 
 
Figure 4. Yield strength data from published work [1]. 
 
 
 
Figure 5. Ultimate tensile strength data from published work [1]. 
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Figure 6. Ductility data from published work [1]. 
 
Experimental Plan: 
 
In this project, the effect of aging on mechanical properties was investigated. 
Tensile tests were done using an Instron 5500R tensile test machine. The bars for these 
tests were cast in a permanent mold and allowed to air cool. These bars were then 
solutionized at 495ºC for 8 hours, quenched in room temperature agitated water, then 
aged according to the experimental matrix (see Figure 5) then quenched again. Between 
solutionizing and aging, and after aging the bars were kept in a freezer to prevent natural 
aging. The experimental plan is summarized below in Figure 7.  Pictures and 
specifications of the equipment used can be found in Appendix B.  
Figure 8 presents the aging processes that were conducted for this experiment. For 
each specified temperature and time, a minimum of 5 bars were cast, heat treated, and 
subjected to standard tensile testing. After testing, the data from bars with excessive 
visible oxides, or porosity on the fracture surface were discarded. 
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Figure 7. Outline of experimental plan. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Experimental matrix. 
 
Experimental Procedure: 
 For casting, 40 lbs of 319 ingot were melted in either an induction furnace, or 
resistance furnace, and brought to a temperature of 700ºC. The melt was then degassed 
while at 700ºC for 45 minutes by means of a rotary degasser with argon at a rate of 40 
milliliters per minute. After degassing the melt was heated to 780ºC for pouring. The slag 
was skimmed off the surface, and the molten metal was then poured by means of a ladle 
Temperature 190ºC 230ºC 260ºC 
Time   10m   
      20m 
  30m 30m   
    45m 45m 
  1hr 1hr   
    1.5hr 1.5hr 
  3hr 3hr 3hr 
  4hr 4hr   
  5hr 5hr   
Ingot Casting: 
Tensile bar 
Solution heat 
treatment 
495ºC for 8 hrs 
Quench in room 
temp agitated 
water 
Artificial Aging 
(See figure 2.) 
Quench in room 
temp agitated 
water 
Pull samples 
and record 
properties 
Examine 
Microstructure 
Freeze 
until ready 
for aging 
Freeze until 
ready for 
tensile test 
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into a permanent mold that had been preheated to 427ºC. The melt was allowed to 
solidify for one minute before the mold was opened, the sprue ejected, and the next pour 
performed. This procedure created twelve sprues on average, yielding twenty four bars 
per batch. The bars were then cut out from the sprues using a vertical band-saw. 
 Twenty of the finished bars were then placed into an unheated box furnace. Two 
thermocouples, one measuring the temperature of the furnace, and the other measuring 
the temperature at the core of the part by means of a drilled out test bar were used to 
record the temperature of the process. The temperature was set to 495ºC. Once the 
temperature was to 490ºC the timer was started. After eight hours, the bars were removed 
and quenched in agitated room temperature water. The bars were then placed into a 
freezer until they could undergo the aging process. 
 The aging was done almost identically to the solutionizing. Twenty bars were 
placed into an unheated furnace that was being monitored by the two aforementioned 
thermocouples. The furnace was then set to the prescribed temperature. Once it was 
within 5ºC of the desired temperature, the timer was started. At the times dictated on the 
experimental matrix, five bars were removed and quenched in room temperature agitated 
water. These bars were then frozen until they could be subjected to tensile testing. 
 The tensile tests were performed on an Instron 5500R tensile test machine. An 
extensometer was attached, and the tensile test was conducted to the failure of the bar. 
The data from the tensile tests were compiled, and evaluated. 
 After tensile testing, the samples were cut in the test section, and a small sample 
was removed for micro-structural analysis. These samples were mounted in an epoxy 
resin, and were then ground smooth using successive grits of SiC paper of grit 240, 400, 
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600, 800, and 1200 respectively. These samples were then polished with 1 and .3 micron 
alumina powder. The final polishing was done with .03 micron silica gel. The samples 
were then etched with keller’s reagent, and finally examined under an optical microscope.  
Results & Discussion: 
The exact composition of the supplied material was determined from 
spectroscopy on a sample made during casting. The compositions of all significant 
elements are shown in figure 9. The exact composition, including trace elements, is 
detailed in appendix A. 
Element Al Si Cu Mg Fe Zn 
Comp. 88.18 6.63 3.23 0.3 0.58 0.55 
 
Figure 9. Element composition of aluminum 319 used in this experiment. 
 Figures 10-12 display the yield strength, ultimate tensile strength, and ductility 
respectively as a function of time and temperature. As shown in figure 10, aging at 190ºC, 
optimum strength is reached in approximately 4 hours at which point the material begins 
to over-age. At 230ºC, optimum aging is reached far faster, in a time of only 45 minutes, 
however the strength under this treatment is not comparable with the material optimally 
aged at 190ºC. 260ºC is clearly too high, as the strength of the material drops off 
incredibly rapidly. Also, in agreement with Samuel et. al. [1] aging at 150ºC, peak 
strength is not achieved after only 5 hours. The tabulated data from the experiments is 
displayed in Appendix C. 
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Figure 10. Yield strength data for tested 319. 
 
 The data for ultimate tensile strength shown in Figure 11 agrees very well with 
the yield strength data. There are slight differences, namely at 230ºC the optimal aging 
occurred at 1 hour instead of 45 minutes. 190ºC again peaked at about 4 hours, 150ºC is 
far from peak strength, and the strength at 260ºC drops off rather quickly. 
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Figure 11. Aging curves for ultimate tensile strength of the tested temperatures. 
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 The ductility data collected is shown in Figure 12. As has already been displayed, 
the strength decreases rapidly at 260ºC. Here it is shown that the ductility of this sample 
is greatly increasing with time, indicating annealing, rather than rapid over-aging in 
which case a brittle material would be observed. The samples at 190ºC showed 
reasonable data for the drop in ductility with aging. The data for 230ºC showed no clear 
trend. The ductility at 150ºC is in agreement with the ductility from Samuel et. al. [1]. In 
time, this ductility will decrease to be comparable with the ductility of the other samples.  
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Figure 12. Aging curves for ductility of the tested temperatures 
 
 
Microstructural Analysis: 
 Figure 13 shows clearly the dendritic structure in the aluminum. From this image, 
the dendrite arm spacing was measured to be 63 microns by taking several lines, 
measuring their length, and the number of dendrite arms they intersect, and dividing the 
former by the later.  
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Figure 13. Dendritic structure. Kellers’ Reagent. 
 Figure 14 shows the as-cast microstructure of the aluminum 319. The larger dark 
spots are signs of segregation in the eutectic phase at the grain boundaries. The darkest 
spots are iron rich precipitates, which are insoluble, and will not disolve during 
solutionizing. 
 
 
Figure 14. Microstructure of aluminum 319 as-cast, unetched. 
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 Figures 15-17 show the microstructure from the samples aged at 190ºC. The 
photomicrographs shown represent the 3 phases of aging. Figure 15 is showing the early 
structure of the material as after 30 minutes little aging has occurred. Figure 16 shows the 
optimal aging condition for 190ºC. Figure 17 illustrates the over aged condition. Note 
through the sequence of pictures the precipitates. In Figure 15, there is relatively little 
precipitate, whereas in Figure 17 there is a high concentration of precipitates. The 
precipitates seen in figure 15 are primarily the iron rich precipitates previously mentioned. 
The other forming precipitates are of the forms listed in the background section, i.e. Cu 
Al2, Mg2Si, etc. 
 
 
Figure 15. Microstructure of aluminum 319 solutionized 8 hours at 495ºc and aged at 
190ºc for 30 minutes, keller’s reagent. 
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Figure 16. Microstructure of aluminum 319 solutionized 8 hours at 495ºc and aged at 
190ºC for 5 hours, keller’s reagent. 
 
 
 
Figure 17. Microstructure of aluminum 319 solutionized 8 hours at 495ºc and aged at 
190ºC for 50 hours, keller’s reagent. 
 
 Figures 18-20 respectively show the sequence of aging at 230ºC. Figure 18 shows 
the under-aged sample. Like Figure 15, this image is showing a sample shortly after 
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solutionizing, and as such limited precipitate has formed, and most of that persisted 
through solutionizing. Figure 19 shows the optimally aged sample. Here it can be seen 
that many smaller precipitates have formed in the aluminum matrix, yielding peak 
strengthening. The precipitates can be seen in the lighter regions seen forming in the 
matrix which aren’t seen in the under-aged sample. Figure 20 shows the over-aged 
sample. In this image several areas of high concentration of precipitates can be seen. This 
concentration of precipitates is what causes over-aged samples to be significantly weaker. 
 
 
Figure 18. Microstructure of aluminum 319 solutionized 8 hours at 495ºc and aged at 
230ºC for 10 minutes, keller’s reagent. 
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Figure 19. Microstructure of aluminum 319 solutionized 8 hours at 495ºc and aged at 
230 ºC for 45 minutes, keller’s reagent. 
 
 
 
Figure 20. Microstructure of aluminum 319 solutionized 8 hours at 495ºc and aged at 
230ºC for 5 hours, keller’s reagent. 
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Conclusions: 
 The results of these experiments have demonstrated that a temperature of 190ºC is 
a very effective aging temperature for aluminum 319. At 190ºC peak properties were 
acheived in only about 4 hours. T6 aging at 5 hours is far from peak strengthening. As 
such the strength after aging for 4 hours at 190ºC is significantly higher than under the T6 
treatment in the same amount of time. With the higher strength came an unfortunate loss 
in ductility however.   
Aging at 230ºC also yielded promising results. At 230ºC peak aging was reached 
in only 45 minutes. The strength under this treatment was also significantly higher than 
the strength under typical T6 aging, though the strength was slightly less than the peak 
strength at 190ºC. The ductility measured after aging at this temperature was comparable 
with the ductility after aging at 190ºC. 
 This experiment clearly showed that for maximum strengthening, either 190ºC or 
230ºC could be used as aging temperatures to reduce the artificial aging time of 
aluminum 319. Both temperatures yielded higher strengths than typical T6 treatments in 
far shorter times. The only significant sacrifice in this was the loss of ductility in these 
samples. 
Further Work: 
The results of this experiment suggest that further experiments be conducted to 
determine the optimum aging conditions for aluminum 319. Further experiments should 
include aging at temperatures between 170ºC and 240ºC. The lower end of these 
temperatures should be tested to see if good strength can obtained while still maintaining 
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reasonable ductility. The higher end of these temperatures should be tested to see how 
quickly this aging cycle can be performed while still reaching good peak aging. 
Other experiments that should be conducted include repeating this experiment 
with composition changes to the alloy. Changes to zinc, magnesium, and copper 
concentrations should be made to the alloy for further experiments to explore the effect of 
these elements on the aging mechanics of aluminum 319. Through these experiments, the 
behavior of 319 with respect to its composition can be obtained, and optimal alloy design 
can be modeled. 
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Appendix A. Equipment Used 
 
 
 
Figure B1. Spectroscope used for compositional analysis. 
 
 
 
Figure B2. Omega data logger used for temperature logging  
during thermal processing. 
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Figure B3. Mellen resistance furnace used for melting. 
 
 
 
Figure B4. Inducto induction furnace also used for melting. 
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Figure B5. Rotary degasser used to degas the melt. 
 
 
 
Figure B6. Permanent tensile bar mold. 
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Figure B7. Thermolyne 30400 series box furnace used for 
Solutionizing and aging. 
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Appendix B. Spectroscopy Data 
 
  Si Fe Cu Mn Mg Zn 
Mean 6.630 0.580 3.230 0.311 0.300 0.550 
Std. 
Dev. 0.194 0.033 0.093 0.016 0.009 0.009 
              
  Ni Cr Pb Sn Ti Ag 
Mean 0.031 0.049 0.023 0.017 0.031 0.001 
Std. 
Dev. 0.001 0.002 0.002 0.001 0.002 0.000 
              
  B Be Bi Ca Cd Na 
Mean 0.004 0.000 0.004 0.001 0.000 0.002 
Std. 
Dev. 0.000 0.000 0.001 0.000 0.000 0.004 
              
  P Sr Li Zr Co V 
Mean 0.020 0.000 0.000 0.003 0.008 0.008 
Std. 
Dev. 0.009 0.000 0.000 0.000 0.001 0.000 
              
  Ga Sc Al     
Mean 0.010 0.002 88.175     
Std. 
Dev. 0.000 0.000 0.298     
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Appendix C. Experimental Data 
 
Yield Strength Data: (ksi) 
 
150ºC 1hr 3hr 4hr 5hr 
  31.442 31.217 32.667 32.396 
  30.103 32.148 31.478 32.583 
  28.038 31.068 33.298 37.856 
  29.502 32.631 28.729 32.521 
  31.404 30.46 39.544   
avg 30.0978 31.5048 33.1432 33.839 
stdev 1.423974 0.872821 3.983686 2.679129 
 
190ºC .5hr 1hr 3hr 5hr 20hr 50 hr 
  46.772 50.179 55.241 53.947 39.462 41.575 
  44.832 50.34 53.593 51.952 39.783 47.298 
  47.835 49.709 54.893 50.702 45.216 25.792 
  47.815 48.967 46.782 53.598 45.569   
  46.447 48.337 50.363 52.899     
  46.218 49.31 53.203 54.83     
  47.339 48.258         
  44.016 50.671         
  45.274 49.756         
avg 46.28311 49.503 52.34583 52.988 42.5075 38.22167 
stdev 1.341821 0.856033 3.226394 1.482684 3.337001 11.13825 
 
230ºC 10m 30m 45m 1hr 1.5hr 3hr 4hr 5hr 
    47.036 48.945 48.596 48.045 43.599 41.701 39.521 
  47.35 48.402 50.133 48.961 48.512 43.684 41.031 41.286 
  47.795 45.707 46.199 48.797 47.047 44.4 38.393 39.542 
  46.088 44.5 51.433 48.585     41.662 39.166 
  46.423 46.407 46.147       42.678 38.947 
      50.591       40.225   
avg 46.914 46.410 48.908 48.734 47.868 43.894 40.948 39.692 
stdev 0.793 1.457 2.265 0.179 0.748 0.439 1.4918 0.9252 
 
260ºC 20 min 45 min 1.5 hours 3 hours 
 39.39 35.005 32.701 28.686 
 38.819 34.159 32.687 27.754 
 39.923 35.492 32.637 28.768 
   31.764  
avg 39.37733 34.88533 32.44725 28.40267 
stdev 0.552109 0.674509 0.456328 0.563256 
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Ultimate Tensile Strength Data: (ksi) 
 
150ºC 1hr 3hr 4hr 5hr 
  43.82 41.31 42.76 43.55 
  41.72 41.1 41.65 42.31 
  36.25 40.98 45.16 49.05 
  40.82 45.36 49.98 43.16 
  43.81 38.03     
avg 41.284 41.356 44.8875 44.5175 
stdev 3.104775 2.612629 3.697543 3.065696 
 
190ºC .5hr 1hr 3hr 5hr 20hr 50hr 
  51.2 58.15 60.22 55.9 39.12 42.77 
  50.74 56.02 53.38 53.21 41.59 49.51 
  48.45 52.35 58.14 52.02 40.96 30.22 
  53.75 49.97 50.81 57.24 50.64   
  52.53 53.84 52.53 55.1 46.06   
  47.98 56.53 52.65 55.96     
  50.2 51.59         
  45.24 52.19         
  46.46 54.03         
avg 49.61667 53.85222 54.62167 54.905 43.674 40.83333 
stdev 2.802691 2.635843 3.689257 1.938533 4.654727 9.789741 
 
230ºC 10m 30m 45m 1hr 1.5hr 3hr 4hr 5hr 
  51.04 51.42 48.8 49.5 49.82 44.96 42.14 44.65 
  46.67 48.76 51.28 52.81 50.44 46.16 45.67 42.44 
  51.83 45.86 48.13 52.82 48.88 46.2 44.46 44.54 
  52.34 44.88 54.51 49.04     45.07 38.72 
  46.23 47.09 47.03       43.17 39.04 
      50.12       44.73   
avg 49.622 47.602 49.978 51.042 49.713 45.773 44.206 41.878 
stdev 2.9365 2.5799 2.6738 2.0553 0.7854 0.7046 1.3092 2.8772 
 
260ºC 20 min 45 min 1.5 hours 3 hours 
  42.85 44.07 40.82 38.49 
  42.53 40.92 42.6 38.74 
  44.62 43.02 43.27 40.15 
      40.07   
avg 43.33333 42.67 41.69 39.12667 
stdev 1.125715 1.603901 1.495081 0.895005 
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Ductility Data: 
 
150ºC 1hr 3hr 4hr 5hr 
  2.89 2.24 2.2 2.62 
  2.43 1.81 2.2 2.12 
  1.65 2.13 2.93 3.02 
  2.37 1.49 2.65 2.38 
  3.29 3.84 1.08   
avg 2.526 2.302 2.212 2.535 
stdev 0.615857 0.908334 0.705174 0.382405 
 
190ºC .5hr 1hr 3hr 5hr 20hr 50hr 
  0.88 1.74 1.24 0.8 0.54 0.64 
  1.3 1.11 0.68 0.68 0.37 0.78 
  0.69 1 1.27 0.64 1.27 1.01 
  1.08 0.75 1.14 1.16 0.66   
  1.19 1.17 0.79 0.95     
  0.82 1.6 0.74 0.82     
  0.91 0.88         
  0.74 0.84         
  0.65 1.12         
avg 0.917778 1.134444 0.976667 0.841667 0.71 0.81 
stdev 0.227144 0.335936 0.268676 0.190832 0.391833 0.186815 
 
230ºC 10m 30m 45m 1hr 1.5hr 3hr 4hr 5hr 
  0.84 1.02 0.66 0.71 0.95 0.69 0.72 1.23 
  0.69 0.65 0.78 1.15 0.79 0.81 1.19 0.77 
  1.03 0.55 0.53 0.89 0.87 0.88 1.35 1.25 
  1.19 0.6 1.25 0.76     1.09 0.57 
  0.7 0.58 0.5       0.76 0.68 
      0.61       1.2   
avg 0.89 0.68 
0.72166
7 0.8775 0.87 
0.79333
3 
1.05166
7 0.9 
stdev 
0.2169
1 
0.1935
2 
0.27737
5 
0.19687
1 0.08 0.09609 0.25561 
0.31843
4 
 
260ºc 20 min 45 min 1.5 hours 3 hours 
  0.97 1.86 1.42 1.83 
  0.93 1.4 2.02 2.14 
  1.05 1.46 2.04 2.34 
      1.5   
avg 0.983333 1.573333 1.745 2.103333 
stdev 0.061101 0.250067 0.330807 0.25697 
 
 
